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Donor’s graft ex vivo T-cell depletion with
fludarabine reduces graft-versus-host disease signs
and improves survival after intestinal
transplantation — an experimental study
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Intestinal passenger T leukocytes are responsible for graft-versus-host dis-
ease (GvHD) in intestinal transplantation (ITx). We hypothesized that
ex vivo fludarabine treatment of the bowel graft would diminish the risk of
GvHD and improve overall survival post-transplant. We performed iso-
lated heterotopic small bowel transplantations from Lewis (LEW) to Brown
Norway (BN) rat strains, which generated GvHD signs from the fourth
day post-transplant. These symptoms included rash, weight loss, piloerec-
tion, and diarrhea. The grafts of one of the experimental groups were
immersed and sealed in cold Celsior preservation solution with 1000 um
fludarabine for 1 h, prior to its implantation into recipient animals. No
histological signs of intestinal tissue alterations were observed after fludara-
bine treatment. Fludarabine-treated bowel recipients showed significantly
later and milder clinical signs of GVHD and reduced total donor cell chi-
merism, as determined by flow cytometry using strain-specific anti-HLA
antibodies. Additionally, fludarabine treatment prolonged recipients’ over-
all survival (13.5 days £ 0.3 days vs. 9.2 days & 0.5). We conclude that
active modification of the intestinal leukocyte composition is advantageous
in our ITx animal model. Immunosuppression with fludarabine during the
surgical procedure, which could be translated directly to the clinic, protects
bowel recipients from GvHD and improves overall post-transplant sur-
vival.
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The principal indications for intestinal transplantation
(ITx), as published by the last Intestine Transplant
Registry Report, are short gut syndrome [1]. Actuarial
survival rates at 1 year are 76%, 56% at 5 years, and
only 43% at 10 years. Rates of graft loss have not
improved significantly in recent years. Sepsis remains
the leading cause of graft loss accounting for over
50% of cases, followed by graft-related causes, includ-
ing rejection and cardiovascular events. We have
observed a significant incidence of graft-versus-host
disease (GvHD) after pediatric ITx in our hospital. In
accordance with other publications, we reported five
cases of GvHD in a series of 52 pediatric ITx [2,3].
The symptoms included the typical GvHD generalized
rash, together with diarrhea, respiratory symptoms,
and/or severe hematologic disorders. Three of those
five patients died within 4 months after the diagnosis.
Thus, we conclude GvHD is a devastating complica-
tion of ITx, with high mortality associated with severe
immunologic dysregulation.

Graft-versus-host disease occurs when immunocom-
petent donor lymphoid cells damage recipient tissues
after allogeneic transplantation. The major targets are
epithelial cells of the skin, intestine, and liver. With
transplantation of allogenic bone marrow, under condi-
tions of cytoablation, this severe complication can
develop in 40-80% of recipients [4]. The occurrence of
GvHD after whole organ transplantation has been less
common. In ITx, however, the large inoculum of lym-
phoid cells in a small bowel graft is predicted to
increase the likelihood of this disease.

We have developed an animal model to study poten-
tial strategies to reduce GvHD incidence after ITx [5-7]
and performed isolated heterotopic ITx from Brown
Norway (BN) rats into Lewis (LEW) rats, and moni-
tored peripheral blood chimerism as well as GvHD and
rejection signs in the recipient rats.

Fludarabine is a chemotherapy medication used for
the treatment of leukemia and lymphoma [8] in the
purine analog family of medications, which works by
interfering with DNA replication. It is a commonly used
anti-neoplastic agent with high cytotoxicity specifically
against T cells. The drug is effective against both divid-
ing and resting T cells. Our hypothesis was that ex vivo
perfusion and cold storage of the bowel graft in fludara-
bine solution for 1 h before its implantation into recipi-
ent animals would reduce the number of CD8 T
lymphocytes responsible for GvHD.
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Rat strains and care

Male LEW (RT1") and BN (RT1") rats were purchased
from Charles River and were used as donors and recipi-
ents, respectively, for heterotopic ITx. Animals were
cared for according to the guidelines of the Community
of Madrid Animal Protection Area and Ethics Commit-
tee (PROEX 140/17).

Fludarabine-induced apoptosis on Peyer’s patch cell
subpopulations

Peyer’s patches of LEW rats were isolated and disaggre-
gated using a 40-um cell strainer (Falcon). A total of
2 x 10’ cells were plated in 200 ul of Dulbecco’s modified
Eagle medium (DMEM; Lonza, Allendale, NJ, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA) and the indicated concentration
of fludarabine (Aurovitas, Madrid, Spain), and cultured
overnight at 37 °C, 95% humidity, 5% CO,. The cells were
then stained with anti-CD45-FITC (clone OX-1; BD Bio-
sciences, San José, CA, USA), anti-CD4-APC (clone OX-
35, eBioscience, San Diego, CA, USA), anti-CD8-PECy7
(clone OX-8; eBioscience), annexin V-PE (BD Bio-
sciences), and 7-aminoactinomycin D (7AAD; BD Bio-
sciences), and analyzed in a Navios flow cytometer
(Beckman Coulter, Miami, FL, USA) and FlowJo v10.0.7
software (Tree Star, Ashland, OR, USA).

Heterotopic intestinal transplantation

The heterotopic small bowel transplantation (Lew -
> BN) procedure was performed as previously described
[9]. However, we used no calcineurin inhibitors to be
able to observe the GVHD signs during the first week
post-transplant. During the second week, the main signs
correspond to graft rejection. Briefly, the intestinal graft
(composed of jejunum and ileum) was removed with
the vascular pedicle consisting of the donor superior
mesenteric artery and portal vein. In the recipient sur-
gery, the engraftment was performed using two end-to-
side vascular anastomoses (donor portal vein with
recipient cava vein and donor superior mesenteric artery
with recipient abdominal aorta). All procedures were
performed under inhaled anesthesia (isoflurane 5% for
induction and 2.5% for maintenance). For the fludara-
bine treatment, each intestine was washed intraluminally
and intravascularly with Celsior solution with 1000 pum
fludarabine. Subsequently, the grafts were immersed
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within the fludarabine solution for 1 h (4 °C) prior to
its implantation into the recipients.

Graft-versus-host disease clinical score

The following parameters were monitored daily in the
transplanted rats and were used to establish a GvHD
clinical score: piloerection, ocular/nose secretion, antal-
gic posture, lethargic behavior, feces consistency, weight
loss, loss of dorso-lumbar muscle mass. Skin rash and
excessive pruritus were considered pathognomonic signs
of GvHD. The specific score for each parameter is
described in Table S1. Animals were sacrificed when a
clinical score of 4 was achieved.

Detection of chimerism by flow cytometry

We obtained peripheral blood from the recipient rats’
tail vein (300 pl) at days 3, 7, and 14 post-transplant.
For erythrocyte lysis, 2 ml of 0.22-um-filtered ammo-
nium chloride 0.85% weight/volume solution was added
per 100 pl of blood and incubated for 10 min at room
temperature (RT). After centrifugation (600 g, 10 min),
the supernatant was discarded and cells were resus-
pended in phosphate-buffered saline (PBS, pH 7.4) with
the following antibodies: CD3-PE (clone G4.18, BD Bio-
sciences), CD4-APC (clone OX-35, eBioscience), CDS8-
PECy7 (clone OX-8, eBioscience), and RT1(a,b,])-FITC
(clone B5, BD Biosciences). After incubation (10 min,
4 °C), cells were acquired in a Navios flow cytometer
(Beckman Coulter). FlowJo v10.0.7 software (Tree Star)
was used for the data analysis.

Cytokine determination in plasma

Rat blood samples were collected in ethylenediaminete-
traacetic acid vacutainer tubes (BD Biosciences). After cen-
trifugation (600 g, 10 min), plasma samples were stored at
—80 °C until analysis. IL-2, TNF, and IFN-Y were deter-
mined using a Flex Set kit (BD Biosciences). Resulting
samples were acquired in a FACSCalibur cytometer (BD
Biosciences) and analyzed using FCAP Array v.1.0.1 soft-
ware (BD Biosciences). Calibration curves were used for
quantification. All standards were measured in duplicate.
Technical detection limits were as follows: 0.46 pg/ml (IL-
2), 27.7 pg/ml (TNFa), and 6.8 pg/ml (IFN-y).

Hepatic enzyme activity determination

Plasma aspartate transaminase (AST), alanine transami-
nase (ALT), urea, and creatinine concentrations were
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determined spectrophotometrically using an automated
analyzer (Dimension Vista 1500).

Histology

Cut sections of 4 um were prepared from formalin-
fixed paraffin-embedded tissues. Representative sections
were stained with hematoxylin—eosin. Histological anal-
ysis was performed by a trained pathologist unaware of
the treatment protocols. Histological criteria followed
for the grading of skin GvHD [10,11] and intestine allo-
graft rejection [12,13] have been previously described.

Statistical analysis

Comparisons between groups were made using Stu-
dent’s t-test. A two-sided value of P < 0.05 was consid-
ered statistically significant. All analyses were performed
using GraphPad Prism (San Diego, CA, USA; version
7.0).

Fludarabine treatment specifically eliminates T cells in
the bowel graft and induces no appreciable damage

We first tested in vitro the effect of fludarabine on
intestinal grafts. We analyzed the potential of fludara-
bine to kill T cells isolated from intestinal Peyer’s
patches of LEW rats. As shown in Fig. la, only high
doses of fludarabine, above 100 um, induce significant
apoptosis. The fludarabine-induced apoptosis is specific
to both CD4 and CD8 T cells, and maintains those cells
that do not express CD3 almost as untreated cells. We
further immersed LEW donor rat intestines in 100 and
1000 pm fludarabine solutions. After hematoxylin—eosin
staining, we found no histological signs of intestinal tis-
sue alterations in the treated organs (Fig. 1b).

Mixed chimerism induced after heterotopic LEW ->
BN intestinal transplantation

Using an antibody that recognizes rat MHC class I
molecules specifically of a, b, or 1 haplotypes, we fol-
lowed LEW cell chimerism in BN rats after an ITx. As
shown in Fig. SI, this antibody binds specifically to
LEW cells, whereas BN cells are negative for this haplo-
type-specific marker. We also observed, prior to trans-
plantation, a higher percentage of CD3" cells in LEW
peripheral blood than in BN (51% =+ 12% vs.
18% =+ 5%, respectively). The percentage of CD8 cells
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Figure 1 Effect of fludarabine treatment on intestinal grafts. (a) Peyer's patches of LEW rats were isolated and cultured overnight with the
indicated concentration of fludarabine. Using a flow cytometer, different cell subpopulations were identified and fludarabine-induced apoptosis
was determined. *P < 0.05. N = 3. (b) Hematoxylin-eosin staining of Lewis rat intestine treated for 1 h with the indicated concentration of
fludarabine. One representative image is shown, N = 3, 50x amplification.

among them is higher in the Lewis strain than in the
BN strain (36% =+ 12% vs. 9% =+ 3%, respectively).

We performed seven heterotopic LEW -> BN hetero-
topic ITx using untreated intestines and monitored the
donor cell chimerism. At day 3 postheterotopic ITx,
LEW T cells constituted 7.6% £ 1.6% of peripheral
blood cells in recipient rats and are almost exclusively
constituted by CD4 cells. This chimerism diminishes
along time, decreasing to 2.2% =+ 1.2% at day 7.
Although there were fewer donor cells, the percentage
of donor CD8 cells, which are drivers of GvHD symp-
toms, increased at day 7 (Fig. 2a).

Skin rash induced after heterotopic LEW -> BN
intestinal transplantation

Consistent with the chimerism data, between days 6 and
8 post-transplantation, 33% of transplanted BN rats
showed some kind of skin rash, including ears, eyes,
snout, and abdomen or general pruritus. Figure 1b
shows a rat that has developed representative rash

symptoms.
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Bowel graft treatment with fludarabine reduces GvHD
clinical signs and reduces T-cell chimerism after
heterotopic LEW -> BN intestinal transplantation

We performed seven heterotopic LEW -> BN ITx using
fludarabine-conditioned intestines and compared their
clinical status to the untreated ITx group. The first
group showed significantly later and milder clinical
signs of GvHD. The score included rash, weight loss,
piloerection, and diarrhea (Fig. 3a).

Fludarabine treatment also reduced the percentage of
chimeric T cells at days 3 and 7 post-transplant, as well
as the total number of donor cell chimerism at day 7.
At endpoint, chimerism was close to zero in both
groups (Fig. 3b).

Inflammatory profile and hepatic function after
fludarabine treatment of intestine grafts in
heterotopic LEW -> BN transplants

We analyzed inflammatory cytokines IL-2, TNF, and
[FN-gamma in plasma samples of the rats prior to the
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Figure 2 Mixed chimerism and skin rash after heterotopic LEW -> BN intestinal transplantation. (a) Flow cytometry determination of LEW
donor cells in peripheral blood of BN recipients 3 and 7 days postbowel transplant. One representative example is shown. (b) Skin rash and

pruritus incidence 6-8 days postintestinal transplantation (N = 7/group).

transplant and 7 days afterward. We observed an
increase in all three inflammatory cytokines after
heterotopic transplant. Fludarabine graft
induced a trend—although statistically not significant—
toward a lower inflammatory profile in comparison
with untreated graft recipients (Fig. 3c).

Alterations in hepatic function of the transplanted
rats were also monitored. We measured AST, ALT, urea,
and creatinine levels in rat serum samples. Again, the
transplant increased all the biochemical parameters. In
this case, the treatment with fludarabine produced no
alterations in those levels compared with the untreated
graft recipient group (Fig. 3c¢).

treatment

Bowel graft treatment with fludarabine extends post-
transplant survival after heterotopic LEW -> BN
intestinal transplantation

The effect of the fludarabine graft treatment on the rats’
post-transplant survival is shown in Fig. 4a. Untreated
bowel graft recipients died at a median day 9.2 days,
whereas the fludarabine-treated graft recipients showed
prolonged survival, a median of 13.5 days.
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In the histopathological analysis, fludarabine treat-
ment clearly reduced GvHD signs, such as intercellular
edema (spongiosis) and separation of dermoepidermal
junction (cleft), in recipients’ skin samples (Fig. 4b).
Although not significant due to a small sample size on
each group, we also observed a trend toward reduced
damage in the native intestines of the host, which pre-
sented also GvHD signs such as edema and mononu-
clear cell infiltrates (Fig. 4c).

At endpoint, both groups showed similar levels of
graft rejection as shown in Fig. 5a. Both untreated and
fludarabine-treated ~ organs macroscopic
(Fig. 5b) and microscopic (Fig. 5¢,d) signs of rejection.

showed

Small bowel transplantation is the only life-saving
option for patients with intestinal failure who fail total
parenteral nutrition or who develop irreversible liver
failure [14]. Over the last decade, advances in surgical
techniques, immunosuppression protocols, and infection
control have substantially improved the benefits of ITx.
However, long-term outcomes are not comparable with

Transplant International 2020; 33: 1302-1311
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Figure 3 Clinical signs of GvHD and mixed chimerism after fludarabine treatment of intestinal grafts in heterotopic LEW -> BN transplants. (a)
Clinical score of GvHD signs in untreated versus fludarabine-treated (1 h; 1000 uwm) recipients (N = 7/group). (b) Peripheral blood donor chimer-
ism in untreated and fludarabine-treated (1 h; 1000 um) recipients. Blood samples were collected at the indicated timepoints and analyzed by
flow cytometry using an antibody specific to MHC class | from LEW strain. (c) Analysis of inflammatory cytokines and hepatic enzyme activity.
Rat serum samples were collected prior to ITx (black) and 7 days post-ITx. Animals received an untreated graft (red) or fludarabine-treated

grafts (blue). **P < 0.01, *P < 0.05.

those of other organ transplants due to intestinal allo-
geneic immune load [15]. Immunosuppressive regimens
grant acceptable short-term outcomes, but long-term
administration of immunosuppressive agents increases
the risk of unfavorable side effects, including hyperten-
sion, nephro- and neurotoxicity, post-transplant neo-
plasias, and metabolic disorders [16]. Thus,
immunosuppressive approaches and strategies to reduce
GvHD-derived complications are warranted.

The fludarabine-based approach selectively eliminates
T cells present in the intestinal graft that are responsible
for the GVHD observed in ITx recipients. Our data show
a clear reduction in CD8 lymphocyte chimerism to zero
in peripheral blood at day 7 post-transplant. Our strategy
is simple and limited in cost, which facilitates its direct
translation to the clinic. Our graft immunosuppression

new

technique is performed ex vivo, which requires less
immunosuppression in the recipient. The feasibility of

Transplant International 2020; 33: 1302-1311
© 2020 Steunstichting ESOT. Published by John Wiley & Sons Ltd

combined intravascular and intraluminal perfusion is a
potential advantage of the intestinal graft, although this
approach is not generalized [17]. The beneficial effect to
other solid organs without this double perfusion possibil-
ity should be considered in future research.

Failure of the chimeric and recipient immunocytes to
reach an immunological ‘truce’ can lead to either rejec-
tion of the transplanted whole organ, or to GvHD, and
sometimes to both simultaneously [18]. This finding
has been particularly well studied after ITx between cer-
tain rat strain combinations such as LEW and BN.
Murase et al. [5-7] had described the ease with which
BN (RT1n) multivisceral and intestinal grafts could be
transplanted to LEW (RT1l) recipients, as well as the
difficulty in controlling intestinal rejection in the oppo-
site strain direction. In our model, with no post-trans-
plant immunosuppression, we observe GvHD signs
during the first 7 days, followed during the second week
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Figure 4 Survival and histological analysis after fludarabine treatment of intestinal grafts in heterotopic LEW -> BN transplants. (a) Post-trans-
plant survival curve of intestinal graft recipient rats (N = 7/group). (b) Histopathological analysis of host skin at endpoint. Representative images
of spongiosis (left) and cleft (right) found in untreated graft recipient skin (40x magnification). (c) Histopathological analysis of native intestines
at endpoint where moderate edema (left) and mononuclear cell infiltrates (right) were found, especially in untreated graft recipients (40x

magnification). *P < 0.05, **P < 0.01.

of rejection signs that lead to reaching of endpoint cri-
teria. We have observed that pretransplant LEW rats
have significantly more T lymphocytes and a lower
CD4:CDS8 ratio than BN rats (Fig. S1). Given CD8 lym-
phocytes are known triggers of GvHD, this difference
could explain the disparity of rejection in LEW -> BN
compared with BN -> LEW transplantation [19,20].
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The LEW/BN rat strain combination used in our
experiments has unusual advantages for the assessment
of  post-transplant  chimerism. The  distinction
between donor and recipient leukocytes can be made
precisely due to the availability of the B5 antibody,
which reacts with epitope S of the rat MHC class I
antigen, haplotypes RT1[a], RT1[b], and RTI1[l] from

Transplant International 2020; 33: 1302-1311
© 2020 Steunstichting ESOT. Published by John Wiley & Sons Ltd



Fludarabine reduces GvHD after IT

(a)
NS
Severe- (X ] [ 11
Moderate X0 am
Mild
Indeterminate
Normal T T
Control Fludarabine

Figure 5 Analysis of transplanted intestines at endpoint. (a) The histopathological study of the grafts at endpoint showed moderate/severe
signs of acute rejection in both experimental groups. (b) Representative macroscopic appearance of the transplanted small bowel at endpoint
compatible with graft rejection. (c, d) Hematoxylin-eosin staining of grafts at endpoint showing moderate (c) and severe (d) signs of acute

cellular rejection.

most rat strains including LEW, but not those of BN
[21].

In the clinic, the interpretation of post-transplant
chimerism results remains difficult due to the poor cor-
relation between chimerism values and clinical out-
comes. The Pittsburgh group reported the chimerism
rate of 44 adults and children after ITx [22]. Those who
developed GvHD, which appeared at a median onset of
1.2 months (range 2-96) post-transplant, had a median
chimerism of 7.9% (range 0-35.9%), whereas unaffected
individuals had a median chimerism of 0.2% (range 0—
16%).

According to our data from the animal model, at day
3 post-ITx, LEW T cells constituted 7.6% =+ 1.6% of
peripheral blood cells in recipient rats, and the percent-
age of donor CD8 cells, which are drivers of GvHD
symptoms, increased over time (Fig. 2a). Fludarabine
treatment reduced the percentage of chimeric T cells
post-transplant (Fig. 3b). Murase ef al. [5] had per-
formed LEW -> BN transplantation of various whole
organs to address the tolerogenicity of the original pri-
mary grafts: Liver was the most tolerogenic and the
heart least. Both the GvHD propensity and tolerogenic-
ity in these experiments were closely associated with
recipient tissue chimerism 30 and 100 days after the
experiments began. The tissue chimerism was invariably
multilineage, but the GvHD outcome was associated
with T cell over-representation.

A hallmark of GvHD is the development of a so-
called ‘cytokine storm by graft immunocompetent cells

Transplant International 2020; 33: 1302-1311
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when exposed to host antigens absent in the donor,
including IL-2, IL-6, TNF-o, and IFN-y secretion [3].
Our results confirm an exacerbated immune response
post-ITx, with an increased detection of the inflamma-
tory cytokines IL-2, TNF-a, and IFN-vy that is partially
averted with the fludarabine pretreatment of the graft
(Fig. 3¢).

Further confirmation of the GvHD signs can be
obtained through a skin biopsy showing lymphocytic
infiltrates of the epithelium, apoptotic bodies, lympho-
cytic exocytosis, and cellular vacuolization similar to
that found in GvHD after hematopoietic stem cell
transplantation [2]. However, there are no characteristic
histological features of GvHD found with a skin biopsy
[23]. In our untreated ITx recipients, we observed skin
spongiosis and clefts in histological sections (Fig. 4b).

As mentioned, passenger leukocytes of the liver and
bone marrow cells, both of which include large numbers
of immature leukocytes and cells of myeloid origin, are
more tolerogenic and have a lower risk of GvHD than
the intestinal passenger leukocytes, which are rich in
mature lymphocytes [7]. Elimination of mature lym-
phoid elements from the bowel allografts by ex vivo
irradiation is known to eliminate GvHD risk [7,24,25].
These studies have demonstrated that active modifica-
tion of the intestinal leukocyte composition is advanta-
geous. However, the authors recognize that a further
search for methods to achieve this modification other
than with ex vivo irradiation should be considered,
given the possibility of radiation-associated vasculopathy
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in the graft. This objective was also met by pretreating
the donor with antilymphocyte serum [26], but only
when donor animals were pretreated for 48 h before
harvesting the intestinal grafts. Ex vivo graft infusion
with antilymphocyte serum failed to prevent GvHD
[27]. This strategy, thus, is difficult to translate into the
clinical setting, in which pretreatment of the donor with
antilymphocyte serum or similar mAbs for 48 h usually
is not possible. In this scenario, our study offers a real-
istic clinical strategy to reduce the host-reactive passen-
ger leukocytes found in the graft, which might improve
organ transplantation.
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Table S1. Graft versus host disease score.
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